Oxygen polarity and interfacial structure of an Mg 0.55 Zn 0.45 O/Mg 0.17 Zn 0.83 O/MgO/sapphire heterostructure were determined by electron energy-loss spectroscopy and aberration-corrected scanning transmission electron microscopy. It was found that O-polarity occurs by an uncommon mechanism in the Mg x Zn 1−x O film with a 0.5 nm-thick compressively strained rocksalt MgO buffer; and that the ∼18% lattice mismatch between Mg 0.17 Zn 0.83 O and sapphire is mostly accommodated by misfit dislocations at the Mg 0.17 Zn 0.83 O/MgO interface. Density functional theory calculations indicate that the MgO buffer strongly tends to manifest a rocksalt structure rather than wurtzite. Zn substitution of the topmost Mg atoms in the MgO buffer is likely to induce such O-polarity.
(Some figures may appear in colour only in the online journal) ZnO has attracted considerable attention for potential applications in optoelectronic devices in the ultraviolet (UV) region [1, 2] . It has a stable hexagonal wurtzite structure and a direct band gap of 3.3 eV. Alloying wurtzite ZnO with rocksalt MgO (E gap = 7.8 eV) allows the band gap to be controlled between 3.3 and 7.8 eV. Thus, wurtzite Mg x Zn 1−x O films with tunable band gaps are promising candidates for UV light emitters [3] , solar-blind UV detectors and other optoelectronic UV-range devices relying on heterostructure functionalities [4] .
Till now, Mg x Zn 1−x O epitaxial films have been mostly fabricated on widely used low-cost c-sapphire substrates. However, due to the large lattice and thermal mismatch, Mg x Zn 1−x O films grown directly on sapphire substrates 5 Authors to whom any correspondence should be addressed.
have rough surface morphology and poor crystal quality [5] . Therefore, an ultrathin MgO buffer layer has been used by researchers to obtain high-quality Mg x Zn 1−x O films on sapphire substrates. Photodetectors based on this material have been realized with a sharp solar-blind cutoff [6] . It is obvious that an Mg x Zn 1−x O/MgO/sapphire heterostructure is significant for potential applications in deep UV optoelectronic devices.
In recent years, many reports on ZnO/MgO/sapphire interface structures have emerged [7] [8] [9] [10] [11] [12] , and researchers came to believe that an ultrathin (<1 nm) MgO buffer deposited on c-sapphire has an O-polar wurtzite structure, which induces O-polar ZnO (or Mg x Zn 1−x O) deposition, whereas thicker (>2 nm) MgO with a rocksalt structure induces Zn-polar ZnO deposition. Unfortunately, so far, experiments with reflection high-energy electron diffraction (RHEED) or normal high-resolution transmission electron microscopy (HRTEM) have failed to reveal the atomic structure at the interface. Here we report the atomic arrangement of an Mg x Zn 1−x O/ultrathin MgO/sapphire heterostructure observed by a sub-angstrom Cscorrected scanning transmission electron microscope, which is essential for understanding the ultrafine interface structure and its role in the polarity selection mechanism of highquality Mg x Zn 1−x O epilayers. Density functional theory (DFT) calculations were also performed to confirm our results.
The heterostructure was deposited on a sapphire (0 0 0 1) substrate by rf-plasma-assisted molecular beam epitaxy (rf-MBE) with a base pressure of ∼1×10 −10 mbar [13] . Elemental Zn (7N) and Mg (5N) evaporated by Knudsen cells (CreaTech) and oxygen radicals (5N5) generated by an rf-plasma system (SVTA) were used as sources for the growth. Sapphire substrates were thermally cleaned at 750
• C for 30 min, and then exposed to an oxygen plasma (350 W/2.5 sccm) at 250
• C to obtain a uniform oxygen-terminated surface [14] . After that, an ultrathin MgO buffer layer (thinner than 1 nm) was carefully prepared at 500
• C. Crystallographic properties of the Mg 0.55 Zn 0.45 O sample were studied by x-ray diffraction (XRD) and high-resolution XRD using a light source from synchrotron radiation. The θ-2θ scan results indicate that the film consists solely of the wurtzite phase [15] . The full-width at half-maximum (FWHM) of the (0 0 2) rocking curve is 0.23
• , suggesting the high crystal quality of the Mg 0.55 Zn 0.45 O film. The 40 K photoluminescence (PL) peak energy and FWHM of the PL emission peak are found to be 4.345 eV and 214 meV, respectively [16] . The sample is n-type with very high resistivity, which is quite reasonable considering the high Mg content.
The [1 1 −2 0] Mg x Zn 1−x O cross-sectional TEM samples were mechanically thinned down to 10 µm, and subsequently thinned to electron transparency by Ar ion milling. The selected-area electron diffraction (SAED), dark-field imaging and electron energy-loss spectroscopy (EELS) were carried out in a Tecnai F20 ST transmission electron microscope operated at 200 kV equipped with a Gatan filter system. The aberrationcorrected STEM high-angle angular-dark-field (HAADF) and angular-bright-field (ABF) images were acquired using a JEOL 2100F (JEOL, Tokyo, Japan) electron microscope equipped with a probe corrector. The convergent semiangle was set to 20 mrad, and the detection semiangles of HAADF and ABF were 60 < θ < 150 mrad and 10 < θ < 20 mrad, respectively. [7, 14] . The MgO buffer with two MgO monolayers deposited on the O-terminated sapphire substrate in figure 2(c) displays a face-centred cubic (fcc) arrangement, which unquestionably confirms the rocksalt structure of our ultrathin MgO buffer. In figure 2 (a) the upper Mg atom layer marked by a red arrow in the MgO buffer is brighter than the lower Mg atom layer, confirming that some of the topmost Mg atoms in the MgO buffer were replaced by Zn atoms. From figure 2(b) , no misfit dislocation is found at the interface of the MgO buffer and the sapphire substrate, which indicates that the MgO buffer is not relaxed but compressively strained since there is about 8% misfit between bulk MgO and sapphire. Thus The above findings about rocksalt structured MgO plainly differ from former reports in which researchers concluded that the MgO buffer deposited on O-terminated sapphire has an O-polar wurtzite structure for thickness lower than 1 nm. To confirm our results by theory, DFT calculations were performed using the full-potential linearized augmentedplane wave method within the WIEN2k package [19] . The generalized gradient approximation (GGA) was used for the exchange-correlation potential [20] . We used a 4 × 4 × 1 Monkhorst-Pack mesh in the first Brillouin zone, made the harmonic expansion up to l max = 10 in atomic spheres, and set R mt × K max to 7.0. Two possible models, C-MgO and O-polar W-MgO, for the four-layer MgO buffer deposited on O-terminated 12-layer sapphire with an additional vacuum layer 1 nm thick were constructed, respectively. We optimize the internal position parameters of two of the layers of Al 2 O 3 and all four layers of MgO near the interface with a force standard of 4 mRy/a.u. The self-consistent calculations are considered to have converged only when the integration of absolute charge-density difference per formula unit between the successive loops is less than 0.0 0 0 1|e|, where e is the electron charge. The energy calculations indicate that the four atomic layers of MgO deposited on sapphire tend towards a rocksalt structure rather than wurtzite by saving 0.91 eV per chemical formula unit (MgO) in total energy. The large energy difference indicates that the MgO buffer could hardly assume a wurtzite structure during the growth process and the rocksalt MgO is the stabler structure, which agrees well with our STEM ABF experiments. Based on the calculated stable model, figure 3 (a) presents a schematic plot of the atomic structure compressively strained rocksalt structure and the ∼18% lattice mismatch between the Mg x Zn 1−x O film and the sapphire substrate is mostly accommodated by misfit dislocations at the Mg x Zn 1−x O/MgO interface. DFT calculations also confirm the rocksalt structure of MgO deposited on the sapphire substrate. We believe that the unusual O-polar Mg x Zn 1−x O deposited on rocksalt MgO is a consequence of Zn substitution for some of the topmost Mg atoms in the MgO layer. This finding is important for polarity control in polar epilayer growth by single atomic layer management.
